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Semiconductor deVice structures are proVided that are suit 
able for use in the fabrication of electronic deVices such as 
light emitting diodes. The semiconductor deVice structures 
include a substrate having a roughened groWth surface suit 
able for supporting the groWth of an epitaxial region thereon. 
The deVice structure can include an epitaxial region haVing 
reduced defects and/or improVed radiation extraction e?i 
ciency on the roughened groWth surface of the substrate. The 
roughened groWth surface of the substrate can haVe an aVer 
age roughness Ra of at least about 1 nanometer (nm) and an 
aVerage peak to Valley height R2 of at least about 10 nanom 
eters (nm). 
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SEMICONDUCTOR DEVICES HAVING LOW 
THREADING DISLOCATIONS AND 

IMPROVED LIGHT EXTRACTION AND 
METHODS OF MAKING THE SAME 

BACKGROUND OF THE INVENTION 

[0001] The present invention relates to semiconductor 
devices and, more particularly, to semiconductor devices use 
ful in the fabrication of light emitting diodes (LEDs). 
[0002] Light emitting diodes (LEDs) are an important class 
of solid-state devices that convert electric energy to light. 
LEDs generally include an active layer of semiconductor 
material sandWiched betWeen tWo oppositely doped layers. 
When a bias is applied across the doped layers, holes and 
electrons are injected into the active layer Where they recom 
bine to generate light. Light is emitted omnidirectionally 
from the active layer and from all surfaces of the LED. Recent 
advances in LEDs (such as nitride based LEDs) have resulted 
in highly e?icient light sources that surpass the ef?ciency of 
?lament-based light sources, providing light With equal or 
greater brightness in relation to input poWer. 
[0003] Successful materials for producing LEDs (includ 
ing light emitting diodes, laser diodes, photodetectors and the 
like) capable of operation in the UV, blue and green portions 
of the electromagnetic spectrum include the Group III nitride 
compound semiconductor materials, and in particular gal 
lium nitride-based compound semiconductors. HoWever, gal 
lium nitride (GaN) presents a particular set of technical prob 
lems in manufacturing Working devices. The primary 
problem is the lack of bulk single crystals of gallium nitride 
Which in turn means that gallium nitride or other Group III 
nitride devices must be formed as epitaxial layers on other 
materials. 
[0004] Sapphire (i.e., aluminum oxide or A1203) has been 
commonly used as a substrate for Group III nitride devices. 
Sapphire offers a reasonable crystal lattice match to Group III 
nitrides, thermal stability, and transparency, all of Which are 
generally useful in producing a light emitting diode. Sapphire 
offers the disadvantage, hoWever, of being an electrical insu 
lator. This means that the electric current that is passed 
through an LED to generate the emission cannot be directed 
through the sapphire substrate. Thus, other types of connec 
tions to the LED must be made, such as placing both the 
cathode and anode of the device on the same side of the LED 
chip in a so-called “horizontal” con?guration. 
[0005] In contrast to sapphire, silicon carbide (SiC) can be 
conductively doped, and therefore can be effectively used to 
manufacture a “vertical” Group III nitride LED, in Which 
ohmic contacts can be placed at opposite ends of the device. 
In addition, silicon carbide has a relatively small lattice mis 
match With GaN, Which means that high-quality Group III 
nitride material can be groWn on it. Silicon carbide also has a 
high coe?icient of thermal conductivity, Which can be impor 
tant for heat dissipation in high-current devices such as laser 
diodes. 
[0006] Despite the advantages of these and other LED 
devices, the fabrication of LEDs using heteroepitaxial groWth 
on substrates such as silicon carbide or sapphire can be prob 
lematic. Some crystal mismatch can occur When a GaN epi 
taxial layer is groWn on a different substrate, such as a SiC 
substrate, and the resulting epitaxial layer can be strained by 
this mismatch. Such mismatches, and the strain they produce, 
can carry With them the potential for crystal defects, Which in 
turn can affect the electronic characteristics of the crystals 
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and the junctions and thus correspondingly can degrade or 
even prevent the performance of the device. 
[0007] For example, threading dislocations, Which are lin 
early extending defects that penetrate the crystal layer along 
the groWth direction, can be introduced into the epitaxial 
layer during the process of lattice relaxation. If the deposited 
layer has many penetrating defects, the light emitting perfor 
mance of the device can deteriorate substantially. Threading 
dislocations can act as a non-radiative recombination center 

for carriers, and accordingly the presence of such non-radia 
tive centers can reduce device brightness and e?iciency. 
[0008] In addition, conventional silicon carbide substrates 
can absorb some light in portions of the visible spectrum. For 
silicon carbide devices that are vertical devices that are 
mounted With the substrates facing doWn, some light entering 
the substrate can be re?ected back through the substrate 
before it is extracted from the device, thereby increasing 
absorption losses in the substrate. Re?ection losses also may 
reduce the overall ef?ciency of the device. 

BRIEF SUMMARY OF THE INVENTION 

[0009] The present invention can provide semiconductor 
device structures that can be suitable for use in the fabrication 
of electronic devices, such as LEDs. The semiconductor 
device structures can have a variety of desirable properties, 
including reduced crystal defects and enhanced light extrac 
tion. Accordingly, the structures can be useful in the fabrica 
tion of LEDs exhibiting improved e?iciencies. 
[0010] In various exemplary embodiments of the invention, 
the semiconductor device structures can include a substrate, 
such as a conductive SiC or insulating sapphire substrate, 
having a roughened groWth surface that is suitable for sup 
porting the groWth of an epitaxial region thereon. The rough 
ened groWth surface of the substrate can have an average 
roughness Ra of at least about 1 nanometer (nm) and further 
can have an average peak to valley height R2 of at least about 
10 nanometers (nm). The semiconductor device structures 
can further include an epitaxial region on the roughened 
groWth surface of the substrate. The resultant epitaxial layer 
can have reduced defects, such as reduced threading disloca 
tions, and/or improved radiation extraction ef?ciency. Vari 
ous exemplary embodiments of the invention can include 
semiconductor device structures including an epitaxial region 
having a threading dislocation of less than or about 6><l08 
cm'2 on the roughened groWth surface of the substrate, and in 
certain embodiments a threading dislocation of less than or 
about 108 cm_2. 
[0011] In various embodiments of the invention, the epi 
taxial region can include a diode region, Which can include an 
active region capable of emitting radiation, an n-type layer 
along a ?rst surface of the active region, and a p-type layer on 
a second opposing surface of the active region. Each of the 
active region, the n-type layer and the p-type layer can include 
a Group III nitride layer. The epitaxial region of the invention 
can further include a buffer layer. Exemplary devices of the 
invention include vertical LEDs in Which the substrate is a 
conductive substrate, and Which further include a ?rst ohmic 
layer on a surface of the conductive substrate opposite the 
diode region and a second ohmic contact on a surface of the 
diode region opposite the conductive substrate. 
[0012] The present invention further includes methods for 
fabricating a semiconductor device structure suitable for use 
in the fabrication of electronic devices such as LEDs. The 
method of the invention includes the step of treating a sub 
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strate growth surface suitable for supporting the growth of an 
epitaxial region thereon to roughen the groWth surface. The 
substrate groWth surface can be treated using various pro 
cesses, such as mechanical removal of material, etching, and 
photonic interaction (i.e., laser ablation). The method of the 
invention further includes the step of forming an epitaxial 
region on the roughened groWth surface, Wherein the epitaxial 
region can exhibit reduced defects and/ or improved radiation 
extraction ef?ciency. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0013] Having thus described the invention in general 
terms, reference Will noW be made to the accompanying 
draWings, Which are not necessarily draWn to scale, and in 
Which: 
[0014] FIG. 1 is a schematic cross-sectional vieW of a semi 
conductor device structure as exempli?ed by the prior art; 
[0015] FIG. 2 is a schematic cross-sectional vieW of a semi 
conductor device structure in accordance With one embodi 
ment of the present invention; 
[0016] FIG. 3 is a schematic cross-sectional vieW of a semi 
conductor device structure in accordance With another 
embodiment of the present invention; 
[0017] FIG. 4 is a schematic cross-sectional vieW of a semi 
conductor device structure in accordance With another 
embodiment of the present invention; 
[0018] FIGS. 5A, 5B, 6A, 6B and 7 are scanning electron 
microscope (SEM) images of a roughened SiC substrate sur 
face useful in a semiconductor device structure of an exem 
plary embodiment of the present invention; 
[0019] FIG. 8 is a SEM image of epitaxial groWth of a 
Group III nitride on a SiC substrate having a substantially 
smooth groWth surface as exempli?ed by the prior art; 
[0020] FIGS. 9A and 9B are SEM images of epitaxial 
groWth of a Group III nitride on a SiC substrate having a 
roughened groWth surface in accordance With various exem 
plary embodiments of the present invention; 
[0021] FIG. 10 is a SEM image of a Group III nitride 
multiple quantum Well (MQW) as groWn on a SiC substrate 
having a substantially smooth groWth surface as exempli?ed 
by the prior art; 
[0022] FIG. 11 is a SEM image of a Group III nitride 
multiple quantum Well (MQW) as groWn on a SiC substrate 
having a roughened groWth surface in accordance With an 
exemplary embodiment of the present invention that con?rms 
a reduction in the threading dislocations as compared to con 
ventional planar groWth; 
[0023] FIG. 12 is a graph illustrating electroluminescence 
data for Group III nitride LED groWn on a SiC substrate 
having a substantially smooth groWth surface as exempli?ed 
by the prior art and a Group III nitride LED groWn on a SiC 
substrate having a roughened groWth surface in accordance 
With an exemplary embodiment of the present invention; and 
[0024] FIG. 13 is a schematic representation of a test struc 
ture useful for evaluating brightness of a device including a 
roughened substrate surface. 

DETAILED DESCRIPTION OF THE INVENTION 

[0025] The present invention noW Will be described more 
fully hereinafter With reference to the accompanying draW 
ings, in Which some, but not all embodiments of the invention 
are shoWn. Indeed, this invention may be embodied in many 
different forms and should not be construed as limited to the 
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embodiments set forth herein; rather, these embodiments are 
provided so that this disclosure Will satisfy applicable legal 
requirements. Like numbers refer to like elements throughout 
the speci?cation. 
[0026] The terminology used herein is for the purpose of 
describing particular embodiments only and is not intended to 
be limiting of the invention. As used herein the term “and/or” 
includes any and all combinations of one or more of the 
associated listed items. As used herein, the singular forms “a,” 
“an” and “the” are intended to include the plural forms as 
Well, unless the context clearly indicates otherWise. It Will be 
further understood that the terms “comprises” and/or “com 
prising,” When used in this speci?cation, specify the presence 
of stated features, integers, steps, operations, elements, and/ 
or components, but do not preclude the presence or addition 
of one or more other features, integers, steps, operations, 
elements, components, and/ or groups thereof. 
[0027] It Will be understood that When an element such as a 
layer, region or substrate is referred to as being “above,” “on” 
or extending “onto” another element, it can be directly above, 
directly on or extend directly onto the other element or inter 
vening elements may also be present. In contrast, When an 
element is referred to as being “directly above,” “directly on” 
or extending “directly onto” another element, there are no 
intervening elements present. 
[0028] It Will be understood that, although the terms ?rst, 
second, etc. may be used herein to describe various elements, 
components, regions, layers and/or sections, these elements, 
components, regions, layers and/or sections should not be 
limited by these terms. These terms are only used to distin 
guish one element, component, region, layer or section from 
another region, layer or section. Thus, a ?rst element, com 
ponent, region, layer or section discussed beloW could be 
termed a second element, component, region, layer or section 
Without departing from the teachings of the present invention. 
[0029] Furthermore, relative terms, such as “above” or 
“upper” or “top” and “beloW” or “loWer” or “bottom,” may be 
used herein to describe one element’s relationship to another 
element as illustrated in the Figures. It Will be understood that 
relative terms are intended to encompass different orienta 
tions of the device in addition to the orientation depicted in 
the Figures. For example, if the device in the Figures is turned 
over, elements described as being on the “upper” side of other 
elements and/or “above” other elements Would then be ori 
ented on “loWer” sides of the other elements and/or “beloW” 
the other elements. The exemplary term “above” can there 
fore encompass both an orientation of “above” and “beloW,” 
depending of the particular orientation of the ?gure. Simi 
larly, if the device in one of the ?gures is turned over, elements 
described as “beloW” or “beneath” other elements Would then 
be oriented “above” the other elements. The exemplary terms 
“beloW” or “beneath” can, therefore, also encompass both an 
orientation of above and beloW. Furthermore, the term 
“outer” may be used to refer to a surface and/or layer that is 
farthest aWay from a substrate. 

[0030] Embodiments of the present invention are described 
herein With reference to cross-section illustrations that are 
schematic illustrations of idealiZed embodiments of the 
present invention. As such, variations from the shapes of the 
illustrations as a result, for example, of manufacturing tech 
niques and/or tolerances, are to be expected. Thus, embodi 
ments of the present invention should not be construed as 
limited to the particular shapes of regions illustrated herein 
but are to include deviations in shapes that result, for example, 
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from manufacturing. For example, an etched region illus 
trated as a rectangle Will, typically, have tapered, rounded or 
curved features. Thus, the regions illustrated in the ?gures are 
schematic in nature and their shapes are not intended to illus 
trate the precise shape of a region of a device and are not 
intended to limit the scope of the present invention. 
[0031] Unless otherWise de?ned, all terms (including tech 
nical and scienti?c terms) used herein have the same meaning 
as commonly understood by one of ordinary skill in the art to 
Which this invention belongs. It Will be further understood 
that terms, such as those de?ned in commonly used dictio 
naries, should be interpreted as having a meaning that is 
consistent With their meaning in the context of the relevant art 
and the present disclosure and Will not be interpreted in an 
idealiZed or overly formal sense unless expressly so de?ned 
herein. 
[0032] FIGS. 1-4 schematically illustrate various semicon 
ductor device structures including a substrate, an epitaxial 
region and optionally one or more additional layers and/or 
regions. The dimensions of the substrates, epitaxial layers and 
additional layers and/or regions of the devices of FIGS. 1-4 
are not draWn to scale but are exaggerated for illustrative 
purposes. 
[0033] FIG. 1 illustrates a simpli?ed schematic of an exem 
plary prior art LED device structure 10 including a substrate 
12, an epitaxial region 14 including a diode region, and a 
re?ective layer 16. The opposing surfaces of the substrate 12 
are substantially smooth or planar. If there is a lattice mis 
match betWeen the substrate 12 and the epitaxial region 14, 
the device can include an undesirably high concentration of 
crystal defects, such as threading dislocations, Which can 
negatively impact the performance of the device. 
[0034] In addition, a substrate such as SiC can have a rela 
tively high index of refraction. Because of the high index of 
refraction of SiC, light passing through a SiC substrate tends 
to be totally internally re?ected into the substrate at the sur 
face of the substrate unless the light strikes the surface as a 
fairly loW angle of incidence. For example, as illustrated in 
FIG. 1, a light ray 50 generated in an active region of the 
epitaxial region 14 may initially travel in a direction aWay 
from the substrate 12, but can be re?ected back through the 
substrate 12 before it is extracted from the device 10. The 
inventors have found that the substantially planar or smooth 
groWth surface of the substrate layer 12 can reduce light 
extraction from the device and increase absorption losses. 
[0035] In contrast to prior art devices, in various embodi 
ments, the semiconductor device structures of the present 
invention can exhibit reduced defect densities in an epitaxial 
region groWn on the substrate groWth surface as compared to 
the same epitaxial layer on a substantially smooth substrate 
groWth surface. In non-limiting examples, exemplary devices 
of the invention can include an epitaxial region having a 
threading dislocation of less than or about 6><108 cm-2 and in 
further embodiments of the invention an epitaxial region hav 
ing a threading dislocation of less than or about 108 cm_2. 
The present invention is not limited to devices having these 
defect densities and includes devices With defect densities 
outside of these ranges as Well. In addition, the devices of the 
invention can exhibit enhanced light extraction as compared 
to prior art devices. Exemplary devices of the present inven 
tion can include a substrate having a groWth surface With a 
roughness su?icient to increase the radiation extraction e?i 
ciency of an active region on the roughened surface, as com 
pared to the radiation extraction e?iciency of the same active 
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region on a substantially smooth groWth surface. Exemplary 
devices can include a conductive substrate With a groWth 
surface having has an average roughness Ra of at least about 
1 nanometer (nm) and an average peak to valley height R2 of 
at least about 10 nanometers (nm). Still further, the present 
invention can include devices exhibiting enhanced light 
extraction, and/or reduced defects as discussed herein, and/or 
both. 
[0036] FIG. 2 schematically illustrates a cross-sectional 
vieW of an exemplary semiconductor device structure 20 in 
accordance With one embodiment of the present invention. 
The device 20 includes a substrate 22, Which can optionally 
comprise a conductive substrate, having a groWth surface 23 
suitable for supporting the groWth of an epitaxial region 24 
thereon. As discussed in more detail beloW, the epitaxial 
region 24 can include a plurality of Group III nitride epitaxial 
layers, at least one or more of Which can provide a diode 
region. The epitaxial region 24 can also optionally include a 
conductive buffer disposed betWeen the substrate 22 and the 
diode region. 
[0037] The substrate 22 can be formed of any the material 
suitable for use in a semiconductor device structure, includ 
ing substrates useful for LEDs. The substrate can be electri 
cally conductive. Exemplary substrates useful in the inven 
tion include single crystal silicon carbide (SiC) substrates. 
Silicon carbide can be an attractive substrate for LEDs 
because it can be made conductive, has a lattice match that 
can be appropriately buffered to a Group III nitride active 
layer, and can have excellent thermal and mechanical stabil 
ity. The SiC substrate 22 can have a polytype selected from 
the 3C, 4H, 6H, and 15R polytypes of silicon carbide. 
[0038] Because SiC can be made conductive, it can be 
particularly useful in the fabrication of LEDs in Which ohmic 
contacts are placed at opposite ends of the device, referred to 
in the art as “vertical” devices. In contrast, an electric current 
that is passed through an LED to generate the emission cannot 
be directed through an electrically insulating substrate such 
as a sapphire substrate, thereby requiring that other types of 
connections to the LED must be made, such as placing both 
the cathode and anode of the device on the same side of the 
LED chip in a so-called “horizontal” con?guration. Such 
horiZontal devices can be more complex to manufacture as 
compared to vertical devices. 
[0039] Examples of silicon carbide-based Group III nitride 
LEDs are shoWn in US. Pat. Nos. 5,523,589; 6,120,600; and 
6,187,606, each of Which is assigned to Cree, Inc., the 
assignee of the present invention, and the contents of each of 
Which are incorporated herein by reference in their entirety. 
Such devices typically include a silicon carbide substrate, a 
buffer layer or region formed on the substrate, and a plurality 
of Group III nitride layers forming a p-n junction active 
region. 
[0040] Silicon carbide substrates suitable for use in the 
present invention are commercially available and include, for 
example, silicon carbide substrates manufactured by Cree, 
Inc. of Durham, NC, the assignee of the present invention. 
Methods of producing suitable silicon carbide substrates are 
knoWn in the art and are described, for example, in US. Pat. 
Nos. Re 34,861; 4,946,547; 5,200,022; and 6,218,680, the 
contents of Which are incorporated herein by reference in 
their entirety. 
[0041] Although embodiments of the present invention are 
described herein With reference to a silicon carbide substrate, 
embodiments of the present invention may utiliZe any suit 
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able substrate, including conductive, semi-conducting and/or 
insulating substrates, such as but not limited to sapphire, 
aluminum nitride, gallium nitride, silicon, GaAs, GaP, ZnO, 
and the like. 

[0042] As illustrated in FIG. 2, the groWth surface 23 of the 
substrate 22 is roughened. As used herein, the term “rough 
ened” surface refers to at least a portion or region of a sub 
strate surface, the topography of Which has been altered so 
that the surface is not substantially smooth or planar. In vari 
ous embodiments of the invention, the substrate surface is 
substantially randomly and/ or irregularly roughened. Various 
techniques knoWn in the art can be employed to roughen (or 
alter) a substrate surface topography, including Without limi 
tation, mechanical, etching and photonic processes, as dis 
cussed in more detail beloW. 

[0043] In other exemplary embodiments of the invention, a 
surface of the substrate opposite the groWth surface can also 
be roughened. As non-limiting examples, FIG. 3 illustrates an 
exemplary device structure 30, Which can include a substrate 
32 With opposing roughened surfaces 33 and 35, and FIG. 4 
illustrates another exemplary device structure 40, Which can 
include a substrate 42 With opposing roughened surfaces 43 
and 45. 

[0044] Exemplary substrates in accordance With the 
present invention can have at least one surface, and in alter 
native embodiments at least tWo opposing surfaces, With aver 
age surface roughness Ra of at least about 1 nanometer (nm). 
The term “Ra” is Well knoWn in the art and refers to the 
arithmetic mean of the absolute values of all peak-to-peak 
distances in a roughness pro?le R from a center line inside the 
total measuring section Im. Stated differently, the average 
roughness is de?ned by the area betWeen the roughness pro 
?le and its mean line, or the integral of the absolute value of 
the roughness pro?le height over the evaluation length, as 
represented by the folloWing formula: 

[0045] When evaluated from digital data, the integral can 
be approximated by a trapeZoidal rule in accordance With the 
folloWing formula: 

[0046] Graphically, the average roughness is the area 
betWeen the roughness pro?le and its center line divided by 
the evaluation length (Which normally can be ?ve sample 
lengths, With each sample length equal to one cutoff). Stated 
differently, the average roughness can be expressed as the 
total area of the peaks and valleys divided by the evaluation 
length. Any of the knoWn techniques for evaluating Ra of a 
surface can be employed in accordance With the present 
invention, includingASME B46. 1 - l 995 ; ASME B46. 1 -l 985; 
ISO 4287-1997; and/or ISO 4287/1-1997. 
[0047] Exemplary substrates in accordance With the 
present invention can further have at least one surface, and in 
alternative embodiments at least tWo opposing surfaces, With 
a roughness as de?ned by its average peak to valley height RZ 
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of at least about 10 nanometers (nm). The term “R2” is also 
Well knoWn in the art and refers to the sum of the height of the 
highest peak plus the loWest valley depth Within a sampling 
length. Any of the knoWn techniques for evaluating R2 of a 
surface can be employed in accordance With the present 
invention, including ASME B46.l-l 995 and ISO 4287-1997. 
[0048] In the present invention, as illustrated in FIGS. 2, 3 
and 4, the presence of a roughened substrate surface at the 
interface of the substrate and the epitaxial region can enhance 
light extraction from the device and thereby can improve the 
overall performance of the device. Although not Wishing to be 
bound by any theory of explanation of the invention, it is 
currently believed that the roughened substrate groWth sur 
face can enhance scattering or lensing of the radiation, as 
demonstrated schematically by a light ray 52. The enhanced 
light scattering or lensing can result in light generated by the 
active region escaping from the substrate With a shorter opti 
cal path length, and thus With less absorptive loss, as com 
pared to devices having substantially planar substrate groWth 
surfaces. In contrast, as schematically illustrated in FIG. 1, 
the light ray 50 generated in the active region of a device 
having substantially planar substrate surfaces can have a 
longer optical path before the light escapes from the device. 
[0049] Turning again to FIG. 2, the device 20 can be par 
ticularly useful in the production of LEDs. Accordingly, the 
epitaxial region 24 can include an active region capable of 
emitting radiation as is knoWn in the art. The active region can 
include a p-n junction and can include a single heterostruc 
ture, double heterostructure, single quantum Well, multiple 
quantum Well, or the like, as knoWn in the art. 
[0050] The epitaxial region 24 can be formed of any of the 
materials knoWn in the art that are suitable for the production 
of a semiconductor device, including LEDs. Exemplary epi 
taxial layers useful in the fabrication of the epitaxial region 24 
of the devices of the invention can include Without limitation 
Group III nitride epitaxial layers. As used herein, the term 
“Group III nitride” refers to those semiconductor compounds 
formed betWeen nitrogen and the elements of Group III of the 
Periodic Table, usually aluminum (Al), gallium (Ga) and/or 
indium (In). The term also refers to ternary and quaternary 
compounds such as AlGaN and AlInGaN. As is Well under 
stood in the art, the Group III elements can combine With 
nitrogen to form binary (e.g., GaN), ternary (e.g., AlGaN, 
AlInN) and quaternary (e.g., AlInGaN) compounds. These 
compounds all have empirical formulas in Which one mole of 
nitrogen is combined With a total of one mole of the Group III 
elements. Accordingly, formulas such as AlxGal_xN Where 
Oéxél are often used to describe them. 

[0051] In an exemplary embodiment of the invention, the 
device can include a diode region including a heterostructure 
With a p-n junction. In this embodiment of the invention, the 
heterostructure can include an active layer disposed betWeen 
upper and loWer heterostructure layers, Wherein each of the 
active layer, the upper heterostructure layer and the loWer 
heterostructure layer include a Group III nitride material. The 
active layer can include, for example, a Group III nitride 
epitaxial layer such as a gallium indium nitride (GaInN) layer, 
and each of the upper and loWer heterostructure layers can 
include aluminum gallium nitride. 
[0052] To form the p-n junction, the upper and loWer het 
erostructure layers can have opposite conductivity types from 
one another, and the active layer can have the same conduc 
tivity type as one of the upper or loWer heterostructure layer. 
As a non-limiting example, in this embodiment of the inven 
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tion, the upper hetero structure layer can be a p-type, the active 
layer can be a n-type and the loWer heterostructure layer can 
be a n-type. The p-n junction is thus formed betWeen the 
active layer and the upper heterostructure layer. Reference is 
made herein to US. Pat. No. 5,523,589, the entire disclosure 
of Which is hereby incorporated by reference. Additional 
device structures that can be useful in the present invention 
are described in US. Pat. Nos. 6,187,606; 6,664,560; and 
6,791,119, and US. Patent Application Publication No. 2004/ 
0149993, the contents of each of Which is also incorporated 
herein by reference in their entirety. 
[0053] The epitaxial region 24 can be formed on the sub 
strate 22 by techniques knoWn to those of skill in the art. The 
general aspects of various vapor deposition techniques for the 
epitaxial growth of Group III nitrides, among other materials, 
have been generally Well established for a number of years. 
Furthermore, those familiar With the groWth of crystals, par 
ticularly in di?icult material systems, Will recogniZe that the 
details of a given technique can and Will vary, usually pur 
posefully, depending upon the relevant circumstances. In 
addition, modi?cations to the present invention Will be under 
stood by those of ordinary skill in the art upon reading the 
description herein. Accordingly, descriptions given herein are 
most appropriately given in a general and schematic sense 
With the recognition that those persons of skill in this art Will 
be able to carry out the invention based on the disclosures 
herein Without undue experimentation. 
[0054] As a non-limiting example, the epitaxial region 24 
can be formed on the substrate 22 using metal organic vapor 
phase epitaxy (MOVPE). Other suitable fabrication tech 
niques, hoWever, can also be useful in the present invention, 
including Without limitation molecular beam epitaxy (MBE), 
vapor phase epitaxy (VPE) and the like. Suitable source (or 
precursor) materials for the epitaxial region 24 can include 
Group III metal trialkyl compounds as knoWn in the art, for 
example, trimethyl gallium, triethyl gallium, trimethyl alu 
minum, trimethyl indium, and the like, and mixtures thereof, 
for the Group III elements. Group V hydrides such as ammo 
nia are suitable source materials for the nitrogen component. 
Exemplary techniques for epitaxial groWth of Group III 
nitrides are described in, for example, US. Pat. Nos. 5,210, 
051; 5,393,993; 5,523,589; and 5,292,501, the contents of 
Which are also incorporated herein by reference in their 
entirety. 
[0055] The epitaxial region 24 can optionally include a 
conductive buffer region formed on surface of the substrate 
22, Which can be disposed betWeen the substrate 22 and a 
diode region. The optional buffer layer, such as an aluminum 
nitride buffer layer, can provide a transition of crystal struc 
ture betWeen the substrate 22 and the remainder of the device. 

[0056] The device 20 can further optionally include a 
re?ective layer 26 positioned beloW a surface of the epitaxial 
region 24 opposite the conductive substrate 22. The re?ective 
layer 26 can encourage light generated in an active region of 
the epitaxial layer 24 to enter the substrate 22. The re?ective 
layer can be formed of materials that can re?ect light from the 
active region back toWards the substrate 22, such as but not 
limited to, layers including silver and/or aluminum. FIGS. 3 
and 4 also illustrate re?ective layers 36 and 46, respectively. 
[0057] In addition, the device 20 can optionally include a 
?rst ohmic contact 28 on a surface of the epitaxial region 24 
opposite the substrate 22. In embodiments of the invention in 
Which the substrate 22 is a conductive substrate, the device 
can further include a second ohmic contact 29 on the surface 
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of the substrate 22 opposite the groWth surface on Which the 
epitaxial region 24 is groWn to form a vertical LED structure. 
The ohmic contacts can be formed of materials as knoWn in 
the art, for example but not limited to, a metal such as alumi 
num (Al), gold (Au), platinum (Pt), nickel (Ni), and the like. 
[0058] Yet another exemplary embodiment of the invention 
is shoWn in FIG. 4, Which further illustrates a device, such as 
a LED, mounted on a mounting support 48. The device can be 
bonded to the mounting support using techniques knoWn in 
the art, such as but not limited to bonding regions in the form 
of solder preforms that are attached to the device and/or the 
mounting support, and that can be re?oWed using conven 
tional solder re?oWing techniques. The solder performs can 
include, for example, a loW temperature eutectic alloy, such as 
lead-tin, indium-gold, gold-tin and/or silver tin alloy, and the 
like. 
[0059] LEDs according to other embodiments of the 
present invention such as illustrated in FIGS. 2 and 3 can 
further enhance light extraction from the LED by beveling or 
slanting at least some of the sideWall of the substrate 22 or 32, 
respectively. Since the incident angle of light striking the 
beveled sideWall 22 or 32 is generally closer to the normal 
than it otherWise might be, less light may be re?ected back 
into the substrate. Accordingly, light may be extracted from 
the substrate, Which can further improve the overall e?iciency 
of the device. 
[0060] Returning to FIG. 2, the groWth surface 23, and 
optionally the opposing surface 25, of the substrate 22 can be 
treated under conditions su?icient to impart the desired 
degree of surface modi?cation, for example, to roughen the 
groWth surface to alloW the epitaxial groWth of a layer thereon 
having reduced threading dislocation density and/or 
enhanced light extraction When fabricated into a LED. Exem 
plary substrate surface treatment processes include Without 
limitation mechanical removal of material, etching, and pho 
tonic interaction (i.e., laser ablation). Exemplary mechanical 
treatments include, for example, saWing, grinding, lapping, 
polishing, and the like. Exemplary etching processes include 
Wet chemical and dry etching processes, such as reactive ion 
etching (RIE), reactive ion beam etching (RIBE), electron 
cyclotron resonance (ECR), inductively coupled plasma 
(ICP), and the like. FIGS. 5A, 5B, 6A, 6B and 7 are scanning 
electron microscope (SEM) images of various Si faced sub 
strate surfaces that are roughened using RIE in accordance 
With various embodiments of the present invention. 
[0061] The suitability of a roughened substrate surfaces for 
epitaxial groWth is also evaluated and the results are illus 
trated in FIGS. 9A and 9B, Which are cross section SEM 
images of epitaxial groWth of a Group III nitride on a Si faced 
substrate having a roughened groWth surface (using RIE for 
the substrate of FIG. 9A and lapping for the substrate of FIG. 
9B) in accordance With various exemplary embodiments of 
the present invention. FIG. 8, Which is included for compari 
son, is a cross section SEM image of epitaxial groWth of a 
Group III nitride on a SiC substrate having a substantially 
smooth groWth surface as exempli?ed by the prior art. 
[0062] The epitaxial groWth of the device of FIGS. 9A and 
9B is substantially planar and of good quality and further the 
roughened surface results in a 0.3 times reduction of thread 
ing dislocations, as shoWn in FIGS. 10 and 11. FIG. 10 is a 
plan vieW SEM image of a Group III nitride multiple quantum 
Well (MQW) as groWn on a SiC substrate having a substan 
tially smooth groWth surface as exempli?ed by the prior art. 
The resultant Group III nitride epitaxial layer exhibits a rela 
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tively9 high concentration of threading dislocations of about 
2x10 cm_2. FIG. 11 is a plan vieW SEM image ofa Group III 
nitride multiple quantum Well (MQW) as groWn on a SiC 
substrate having a roughened groWth surface in accordance 
With an exemplary embodiment of the present invention, and 
in particular a substrate surface roughened using RIE. The 
resultant Group III nitride epitaxial layer in accordance With 
the present invention exhibits a reduced dislocation density of 
about 6x 1 08 cm-2 
[0063] In addition to promoting the fabrication of epitaxial 
layers having reduced dislocation density, the present inven 
tion can also alloW the production of LEDs exhibiting 
improved light extraction. As a non-limiting example, full 
LED epitaxial structures are groWn on a Si-faced substrate 
having a surface roughened using RIE. For comparison pur 
poses, full LED epitaxial structures are also groWn on a stan 
dard substantially smooth or planar surface Si faced substrate 
in the same Epi run (i.e. both roughened and conventional 
planar substrates Where groWn on in the same epitaxial 
groWth run). The planar epitaxial brightness is evaluated With 
an on-Wafer 220x220 um semi-transparent metal contact and 
the resultant electroluminescence data is illustrated in FIG. 
12. A schematic of the test structure is shoWn in FIG. 13. The 
data demonstrates that LEDs prepared using a roughened 
substrate can exhibit a brightness that is comparable to or 
better than the brightness of the LEDs prepared on a substan 
tially smooth substrate. This data is to illustrate that the Epi 
quality on the roughened substrate is as least as good as the 
quality on the conventional substrate. The test structure is not 
an embodiment of any of the previously indicated singulated 
die structures and is not to be taken as illustrative of the ?nal 
enhancement, but is to demonstrate that the roughening is 
compatible With groWth of high-quality LED epitaxial layers. 
[0064] In the draWings and speci?cation there has been set 
forth a preferred embodiment of the invention, and although 
speci?c terms have been employed, they are used in a generic 
and descriptive sense only and not for purposes of limitation, 
the scope of the invention being de?ned in the claims. 

That Which is claimed is: 
1. A semiconductor device structure suitable for use in the 

fabrication of electronic devices such as light emitting diodes, 
comprising: 

a substrate having a roughened groWth surface suitable for 
supporting the groWth of an epitaxial region thereon; and 

an epitaxial region on said substrate. 
2. The semiconductor device structure of claim 1, Wherein 

the roughened groWth surface of the conductive substrate has 
an average roughness Ra of at least about 1 nanometer (nm). 

3. The semiconductor device structure of claim 2, Wherein 
the roughened groWth surface of the conductive substrate has 
an average peak to valley height R2 of at least about 10 
nanometers (nm). 

4. The semiconductor device structure of claim 1, Wherein 
the epitaxial region includes feWer defects as compared to the 
same epitaxial region on a substantially smooth groWth sur 
face of said substrate. 

5. The semiconductor device structure of claim 1, Wherein 
the epitaxial region has a threading dislocation of less than or 
about 6x 1 08 cm_2. 

6. The semiconductor device structure of claim 5, Wherein 
the epitaxial region has a threading dislocation of less than or 
about 108 cm_2. 

7. The semiconductor device structure of claim 1, Wherein 
the conductive substrate further comprises a second rough 
ened surface opposite the roughened groWth surface. 
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8. The semiconductor device structure of claim 7, Wherein 
the second roughened surface of the conductive substrate has 
an average roughness Ra of at least about 1 nanometer (nm). 

9. The semiconductor device structure of claim 8, Wherein 
the second roughened surface of the conductive substrate has 
an average peak to valley height R2 of at least about 10 
nanometers (nm). 

10. The semiconductor device structure of claim 1, Wherein 
said substrate comprises a material selected from silicon car 
bide, aluminum nitride, gallium nitride, silicon, gallium ars 
enide, gallium phosphide, Zinc oxide, and sapphire. 

11. The semiconductor device structure of claim 1, Wherein 
said substrate comprises a conductive substrate. 

12. The semiconductor device structure of claim 1, Wherein 
the conductive substrate comprises silicon carbide (SiC). 

13. The semiconductor device structure of claim 1, Wherein 
the epitaxial region comprises an active region capable of 
emitting radiation. 

14. The semiconductor device structure of claim 13, 
Wherein the roughened groWth surface of the conductive sub 
strate has a roughness su?icient to increase the radiation 
extraction ef?ciency of the active region as compared to the 
radiation extraction ef?ciency of the same active region on a 
substantially smooth groWth surface. 

15. The semiconductor device structure of claim 14, 
Wherein the active region comprises a Group III nitride. 

16. The semiconductor device structure of claim 15, 
Wherein the Group III nitride is selected from the group 
consisting of AlN, GaN, lnN, AlGaN, AllnN, lnGaN, and 
AllnGaN. 

17. The semiconductor device structure of claim 16, 
Wherein Group III nitride comprises lnGaN. 

18. The semiconductor device structure of claim 13, further 
comprising an n-type layer along a ?rst surface of the active 
region and a p-type layer on a second opposing surface of the 
active region to form a diode region. 

19. The semiconductor device structure of claim 18, 
Wherein each of the n-type layer and the p-type layer com 
prises a Group III nitride layer. 

20. The semiconductor device structure of claim 1, Wherein 
the epitaxial region includes a buffer layer. 

21. A light emitting diode, comprising: 
a substrate having a roughened groWth surface suitable for 

supporting the groWth of an epitaxial region thereon; and 
a diode region comprising an epitaxial region on the 

groWth surface of the conductive substrate. 
22. The light emitting diode of claim 21, Wherein the 

roughened groWth surface of the conductive substrate has an 
average roughness Ra of at least about 1 nanometer (nm). 

23. The light emitting diode of claim 22, Wherein the 
roughened groWth surface of the conductive substrate has an 
average peak to valley height R2 of at least about 10 nanom 
eters (nm). 

24. The light emitting diode of claim 21, Wherein the epi 
taxial region includes feWer defects as compared to the same 
epitaxial region on a substantially smooth groWth surface of 
said substrate. 

25. The light emitting diode of claim 21, Wherein the epi 
taxial region has a threading dislocation of less than or about 
6x 1 08 cm_2. 

26. The light emitting diode of claim 25, Wherein the epi 
taxial region has a threading dislocation of less than or about 
108 cm_2. 

27. The light emitting diode of claim 21, Wherein the sub 
strate further comprises a second roughened surface opposite 
the roughened groWth surface. 
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28. The light emitting diode of claim 27, wherein the sec 
ond roughened surface of the substrate has an average rough 
ness Ra of at least about 1 nanometer (nm). 

29. The light emitting diode of claim 28, Wherein the sec 
ond roughened surface of the substrate has an average peak to 
valley height R2 of at least about 10 nanometers (nm). 

30. The light emitting diode of claim 21, Wherein said 
substrate comprises a material selected from silicon carbide, 
aluminum nitride, gallium nitride, silicon, gallium arsenide, 
gallium phosphide, Zinc oxide, and sapphire. 

31. The light emitting diode of claim 21, Wherein said 
substrate comprises a conductive substrate. 

32. The light emitting diode of claim 21, Wherein the sub 
strate comprises silicon carbide (SiC). 

33. The light emitting diode of claim 21, Wherein the diode 
region comprises a n-type layer, an active region, and a p-type 
layer. 

34. The light emitting diode of claim 33, Wherein each of 
the n-type layer, the active layer and the p-type layer inde 
pendently comprises a Group III nitride layer. 

35. The light emitting diode of claim 21, further compris 
ing a re?ective layer on a surface of the diode region opposite 
the substrate. 

36. The light emitting diode of claim 35, further compris 
ing a submount on a surface of the re?ective layer opposite the 
diode region. 

37. The light emitting diode of claim 21, Wherein said 
substrate comprises a conductive substrate and further com 
prising a ?rst ohmic layer on a surface of the conductive 
substrate opposite the diode region and a second ohmic con 
tact on a surface of the diode region opposite the conductive 
substrate. 

38. A method of fabricating a semiconductor device struc 
ture suitable for use in the fabrication of electronic devices 
such as light emitting diodes, comprising: 

treating a substrate groWth surface suitable for supporting 
the groWth of an epitaxial region thereon to roughen the 
groWth surface; and 

forming an epitaxial region on the roughened groWth sur 
face of the conductive substrate. 

39. The method of claim 38, Wherein the treating step 
comprises treating the groWth surface of the substrate under 
conditions suf?cient to provide a groWth surface having an 
average roughness Ra of at least about 1 nanometer (nm). 

40. The method of claim 39, Wherein the treating step 
comprises treating the groWth surface of the substrate under 
conditions suf?cient to provide a groWth surface having an 
average peak to valley height R2 of at least about 10 nanom 
eters (nm). 

41. The method of claim 38, Wherein the forming step 
comprises forming an epitaxial region having feWer defects 
as compared to the same epitaxial region on a substantially 
smooth groWth surface of said substrate. 

42. The method of claim 38, Wherein the forming step 
comprises forming an epitaxial region having a threading 
dislocation of less than or about 6><l08 cm_2. 

43. The method of claim 42, Wherein the forming step 
comprises forming an epitaxial region having a threading 
dislocation of less than or about 108 cm_2. 

44. The method of claim 38, further comprising treating a 
second surface of the substrate opposite the epitaxial layer 
under conditions su?icient to roughen the second substrate 
surface. 

45. The method of claim 44, Wherein the step of treating the 
second opposing surface of the substrate comprises treating 
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the second surface of the substrate under conditions suf?cient 
to impart thereto an average roughness Ra of at least about 1 
nanometer (nm). 

46. The method of claim 45, Wherein the step of treating the 
second opposing surface of the substrate comprises treating 
the second surface of the substrate under conditions suf?cient 
to impart thereto an average peak to valley height R2 of at least 
about 10 nanometers (nm). 

47. The method of claim 38, Wherein said substrate com 
prises a material selected from silicon carbide, aluminum 
nitride, gallium nitride, silicon, gallium arsenide, gallium 
phosphide, Zinc oxide, and sapphire. 

48. The method of claim 38, Wherein said substrate com 
prises a conductive substrate. 

49. The method of claim 38, Wherein the substrate com 
prises silicon carbide (SiC). 

50. The method of claim 38, Wherein the forming step 
comprising forming an epitaxial region comprising an active 
region capable of emitting radiation. 

51. The method of claim 50, Wherein the treating step 
comprises treating the groWth surface under conditions suf 
?cient to provide a groWth surface roughness su?icient to 
increase the radiation extraction ef?ciency of the active 
region as compared to the radiation extraction e?iciency of 
the same active region on a substantially smooth groWth 
surface. 

52. The method of claim 51, Wherein the active region 
comprises a Group III nitride. 

53. The method of claim 52, Wherein the Group III nitride 
is selected from the group consisting of AlN, GaN, lnN, 
AlGaN, AllnN, lnGaN, and AllnGaN. 

54. The method of claim 53, Wherein Group III nitride 
comprises lnGaN. 

55. The method of claim 50, further comprising forming an 
n-type layer along a ?rst surface of the active region and 
forming a p-type layer on a second opposing surface of the 
active region to form a diode region. 

56. The method of claim 55, Wherein each of the n-type 
layer and the p-type layer comprises a Group III nitride layer. 

57. The method of claim 38, Wherein the forming step 
comprises forming an epitaxial buffer layer. 

58. The method of claim 38, Wherein the treating step 
comprises mechanically treating the groWth surface of the 
substrate. 

59. The method of claim 38, Wherein the treating step 
comprises etching the groWth surface of the substrate. 

60. The method of claim 38, Wherein the treating step 
comprises photonically treating the groWth surface of the 
substrate. 

61. The method of claim 55, further comprising the step of 
providing a re?ective layer on a surface of the diode region 
opposite the substrate. 

62. The method of claim 61, further comprising providing 
a submount on a surface of the re?ective layer opposite the 
diode region. 

63. The method of claim 55, further comprising providing 
a ?rst ohmic layer on a surface of the substrate opposite the 
diode region and providing a second ohmic contact on a 
surface of the diode region opposite the substrate. 

* * * * * 


